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INTRODUCTION 
A number of alloys exhibit a phenomenon which has come to be 
known as 'shape memory'. lvithout exception these alloys undergo a 
rather special type of martensitic transformation which results 
from one or another of the elastic constantsl - 7 weakening with 
changing temperature to the point that at the transformation tem-
perature the transforming phase becomes both mechanically and ther-
modynamically unstable. 'Shape memory' is exhibited in the follow-
ing way. A specimen at a temperature above the martensitic trans-
formation is shaped to some desired form. The specimen is then 
cooled below its transformation temperature and deformed. Subse-
quent heating of the specimen through the transformation temperature 
causes reversion to the originally fabricated shape. 
One practical application of this phenomenon is the us~ of 
nickel-titanium alloys for couplers of tubing and piping. Nickel-
titanium alloys near equiatomic stoichiometry exhibit shape memory, 
and the transformation temperature may be varied8 by deviating from 
stoichiometry or by alloying additions, e.g., iron. A typical cou-
pler is fabricated of material with a martensitic transformation 
near - 550 F (- 470 C); the fabricated form is a short, thick-walled 
tube with a series of four lands along the inner surface. A cou-
pler which has been cut longitudinally into two halves is shown in 
Fig. 1. After fabrication the coupler is expanded at liquid air 
temperatures and is retained at such temperatures until time for 
use. During use the coupler is simply placed over a pair of tubing 
or piping ends that are to be joined and the shrinkage which takes 
place during return to ambient temperatures through the martensitic 
1455 
1456 D. K. REHBEIN ET AL. 
Fig. 1. Longitudinal cut through a coupler showing the positions 
of the four lands and tapered mouths at either end. 
transformation accomplishes the union. The present research is 
aimed at the development of a nondestructive technique for evalu-
ating the clamping force which is produced at a union. The micro-
structure of the material is shown in Fig. 2. Evidence of a finely 
dispersed second phase may be noted, and on the basis of a prior 
study9 this second phase is most likely Ti4Ni20. 
DIMENSIONAL MEASUREMENTS 
Thirty couplers in expanded condition at liquid air tempera-
tUI~S were obtained from the same production run. To provide base 
line data, six of these couplers were brought through the marten-
sitic transformation to room temperature with no tubing inserted. 
Micrometer Dleasurements showed that, regardless of angular or longi-
tudinal position of measurement, the outside diameters (o.d.'s) of 
all couplers were consistent at O.8l54"±0.0001". Inside diameters 
(Ld.' s) between successive pairs of lands were between 0.4830" 
and 0.4840" with an average of 0.4833". At the lands themselves, 
Ld. "s were found from 0.4610" to 0.4640" with an average value 
of 0.4615". 
Tubing of 316 stainless steel was chosen as representative of 
the materials which are joined by the nickel-titanium couplers, and 
tubing of nominal 0.500" (actual 0.502") o.d. with 0.050" wall thick-
ness was acquired. Three unions were made with sections of this 
tubing. In the first union, two pieces of the tubing were in the 
"as received' condition. In the second and third unions, the o.d. 
of the ends of the joined sections of the 316 stainless steel tubing 
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Fig. 2. Microstructure of the coupler alloy with the small pits 
being the loci of fine Ti4Ni20 particles which were pulled 
from the alloy during polishing. 
had been ground down respectively 0.006" and 0.012". Fig. 3 shows 
the o.d. and i.d. dimensions of these unions together with o.d. and 
i.d. dimensions of a transformed coupler with no inserted tubing. 
Fig. 4 shows a picture of the strain gage device which was used to 
measure the i.d.'s of the compressed stainless steel tubing at se-
lected positions within the coupler. It is readily apparent from 
Fig. 3 that dimensional changes in the coupled unions correlate with 
the o.d. 's of the inserted tubing and are thereby implicitly associ-
ated with the compressive resistance encountered by the transforming 
nickel-titanium alloy. Since the high temperature crystal structure 
of the nickel-titanium alloy has a cubic CsCl-type atomic arraylO, 
any distortion at the surface due to residual hoop stresses may be 
detectable by precision measurement of the single lattice parameter. 
Preliminary x-ray diffraction measurements to detect differences in 
lattice parameter as a function of o.d. of inserted 316 stainless 
steel tubing have been made but the initial results are inconclusive 
with the scatter in data masking any real change in lattice parame-
ter. Additional x-ray measurements with enhanced precision are 
planned. 
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Fig. 3. Outside and inside diameters of coupler in unloaded condi-
tion and loaded condition using varying initial tube sizes. 
ULTRASONIC RESPONSE 
In Fig. 5 is shown a sketch of a coupler with full size, 'as 
received' tubing inserted. In this figure it may be noted that the 
o.d. of the relatively thick-walled coupler is expanded 0.002" with 
respect to an unloaded (tubing-free) coupler, and the i.d. of the 
316 stainless steel is compressed by amounts up to 0.025" with 
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Fig. 4. Strain gage device used to measure inside diameter of 
coupled tubes. 
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maximum compression occurring, as might be expected, at the lands. 
The positions A, B, and C in Fig. 5 represent positions that 
are ultrasonically easily distinguishable . Position A is a position 
between two adjacent lands. At position A a pulse from a 15 MHz, 
longitudinal mode transducer returns an echo from the coupler inter-
face as shown by the first series of oscillations in Fig. 6A; this 
is followed by two series of oscillations representing echoes asso-
ciated with the first and second sonic transits of the 316 stainless 
steel tubing. Beyond these first three echoes, the pattern is of 
lesser interest with the remaining oscillations representing combi-
nations and harmonics of the first three returns. 
At position B, however , Fig. 6B shows only a series of returns 
from the inner wall of the coupler with normal echo attenuation; 
no response from the 316 stainless steel tubing appears. The in-
ference i s that, in the region immediately adjacent to a land, the 
land has warped the stainless steel tubing inward to produce a 
separation, or sonic disbond, immediately adjacent to the land so 
that soni c transmission across the coupler-tubing interface does 
not occur at position B. X-radiographsll clearly show the lands 
causing local depression of the enclosed tubing, but no resolution 
was obtained of a physical separation of coupler and tubing immedi-
ately adjacent to a land. The ordinate scale in Fig. 6B needs to 
be multiplied by a factor of ten if amplitudes are to be compared 
with Figs. 6A and 6C. The higher amplitudes of the echo pattern in 
Fig. 6B are consistent with total reflection and zero transmission 
at a sonic disbond . 
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Fig. 5 . Sketch of loaded coupler using 'as received' tubing. 
Note position of A, Band C. 
Position C represents a position of sonic transit through a 
land. Close comparison of Figs . 6A, 6B, and 6C shows that the 
transit time through the coupler at position C is slightly greater 
than the transit times through the coupler at positions A and B. 
This is in accord with the greater thickness of the coupler at the 
land position. The second and third echoes in Fig. 6C may again 
be associated with the first and second sonic transits of the 316 
stainless steel tubing and indicates closure of the disbond with 
re-occurrence of sonic continuity between the coupler and the 
tubing at the land position . 
Measurements which were made around the circumference of the 
sample show all responses to be reproducible. The disbond at posi-
tion B is believed to be an actual physical separation as indicated 
by the dashed lines in Fig . 5. 
ESTIMATION OF INTERFACIAL STRESS 
A linear elastic approximation was used to estimate the rela-
tive interfacial stresses at coupler-tubing interfaces for the ful1-
sized tubing, the 0.006" undersized tubing, and the 0.012" undersized 
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Fig. 6. Ultrasonic echo patterns from area between lands (Position 
A), adjacent to land (Position B) and on a land (Position 
C). Position B illustrates sonic disbond between the 
coupler and tube. 
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tubing. For this estimation, only transverse planar strains were 
considered and end effects were neglected. It was further assumed 
that the radial stresses were propo£tiona1 to the reciprocal square 
of the cylinder radii for both the tubing and the coupler with dif-
ference occurring only between the proportionality constants of the 
two materials. Then, for boundary conditions the radial stresses 
were taken to be zero at the inner wall of the tubing and the outer 
wall of the coupler with the additional constraint that the radial 
stress in the coupler was required to be equal to the radial stress 
in the tubing at the coupler-tubing interface. These considerations 
led to the following expression for the interfacial stress: 
In this expression r1 is the radius at the inner wall of the 
316 stainless steel tubing and r3 is the radius at the outer wall of 
the nickel-titanium coupler; these two quantities may be measured 
directly. E1 and v1 are respectively the Young's modulus and 
Poisson's ratio of the stainless steel, and E2 and v2 are the same 
parameters for nickel-titanium. The quantity r2 is the radius at 
the interface, and E is the strain at the interface. These are not 
directly measurable but must be approximated. For present purposes, 
the product r2E was approximated as the o.d. of the tubing before 
insertion into the coupler minus the sum of r1 plus the wall thick-
ness of the tubing with the latter sum being the r2 of the coupled 
union. Other types of approximations were tried and yielded results 
which differed by significant percentages, but with no approximation 
was there a change in the relative position nor order of magnitude 
of a computed stress. 
In Fig. 7 are plotted coupler o.d.'s vs. interfacial stress 
approximations for positions A, B, and C on each of the three 
unions: full-size, 0.006" undersize, and 0.012" undersize tubing. 
A similar plot relating the initial outer radius of the stainless 
steel tubing to calculated interfacial stress is shown in Fig. 8. 
At all positions o.d. expansion and larger initial outer tubing 
radius accompany an increase in stress. The calculated stresses 
must be considered solely as relative values and not real stress 
levels because all of the calculated stresses exceed the yield 
stress of 316 stainless steel. 
A promising avenue for nondestructive evaluation of the rela-
tive interfacial stresses at coupler-tubing interfaces is shown in 
Fig. 9. This is a plot of normalized reflection coefficients vs. 
the calculated interfacial stresses at position A between the lands. 
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Fig. 7. Outside coupler diameter vs. calculated interfacial stress 
showing increasing diameter with stress. 
A definite trend of increasing transmission and decreasing reflec-
tion accompanies increasing interfacial stress. It now remains to 
interpolate additional data points with tubing of differing under-
sizes to obtain a better resolution of the reflection coefficient 
vs. stress trend. This should be followed by the accumulation of 
data with tubing of differing surface roughness. Subsequent pres-
sure testing should then determine what range of reflection coeffi-
cients is acceptable. 
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Fig. 9. Normalized reflection coefficient vs. calculated inter-
facial stress at position A showing decreasing reflection 
with increasing stress. Reflection coefficients are 
normalized against an unloaded coupler. 
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